Blue light-using flavin (BLUF) proteins form a subfamily of blue light photoreceptors, are found in many bacteria and algae, and are further classified according to their structures. For one type of BLUF-containing protein, e.g. PixD, the central axes of its two C-terminal a-helices are perpendicular to the b-sheet of its N-terminal BLUF domain. For another type, e.g. PapB, the central axes of its two C-terminal a-helices are parallel to its BLUF domain b-sheet. However, the functional significance of the different orientations with respect to phototransduction is not clear. For the study reported herein, we constructed a chimeric protein, Pix0522, containing the core of the PixD BLUF domain and the C-terminal region of PapB, including the two a-helices, and characterized its biochemical and spectroscopic properties. Fourier transform infrared spectroscopy detected similar light-induced conformational changes in the C-terminal a-helices of Pix0522 and PapB. Pix0522 interacts with and activates the PapB-interacting enzyme, PapA, demonstrating the functionality of Pix0522. These results provide direct evidence that the BLUF C-terminal a-helices function as an intermediary that accepts the flavin-sensed blue light signal and transmits it downstream during phototransduction.
Introduction
Sensing environmental light is important for most organisms. Plants, algae and photosynthetic bacteria use several types of photoreceptors to control their development and optimize photosynthesis. To date, seven types of photoreceptor families have been identified: phytochromes, rhodopsins, xanthopsins, LOV (light oxygen voltage) domain-containing proteins, cryptochromes, blue light-using flavin (BLUF) domain-containing proteins and UVR8-family proteins (Moglich et al. 2010 , Losi and Gartner 2011 , Heijde and Ulm 2012 . These photoreceptors bind different types of chromophores that absorb light of different wavelengths, and they convert the light signal into biochemical signals via different mechanisms.
BLUF proteins, which form a blue light-sensing photoreceptor family and are conserved in many bacteria and some algae, contain a flavin chromophore . The physiological functions of several BLUF proteins have been characterized, including AppA, PAC, PixD/slr1694 and PapB/RPA0522 (Braatsch et al. 2002 , Iseki et al. 2002 , Masuda and Bauer 2002 , Kanazawa et al. 2010 . AppA is a multidomain protein and functions as a transcriptional anti-repressor, which controls photosynthesis gene expression in the purple bacterium Rhodobacter sphaeroides (Braatsch et al. 2002, Masuda and Bauer 2002) . The N-terminal BLUF domain in AppA probably controls the interaction of the AppA C-terminal domain with the transcriptional repressor PpsR in a light-dependent manner (Braatsch et al. 2002 , Masuda and Bauer 2002 , Masuda et al. 2005a . PAC contains two BLUF and two adenylyl cyclase domains, and the BLUF domains probably control its adenylyl cyclase activity during the photoavoidance response in the green algae Euglena gracilis (Iseki et al. 2002) . PixD and PapB are proteins containing one BLUF domain , Kanazawa et al. 2010 . PixD and PapB associate with their partner proteins (see below) to control the phototaxis response in the cyanobacterium Synechocystis sp. PCC6803 and light-dependent biofilm formation in the purple bacterium Rhodopseudomonas palustris, respectively (Masuda et al. 2008 , Kanazawa et al. 2010 . Thus, BLUF domains may transmit the information encoded in the light signal to downstream components via an intramolecular interaction (as AppA and PAC do) or an intermolecular interaction (as PixD and PapB do). However, how BLUF domains conformationally control the activities of their downstream components is not clear.
Biochemical and physiological characterizations have shown that PixD interacts with the transcription factor-like protein PixE in a light-dependent manner, and the interaction is critical for the control of the phototaxis response , Masuda et al. 2008 , Yuan and Bauer 2008 , Tanaka et al. 2012 . PapB physiologically interacts with PapA and activates its phosphodiesterase activity to degrade cyclic dimeric GMP (c-di-GMP) in a light-dependent manner (Kanazawa et al. 2010) . In contrast to PixD-PixE complex formation, the PapA and PapB interaction is not light dependent; rather, the two proteins form a complex under dark and light conditions (Kanazawa et al. 2010) . Therefore, two distinct mechanisms for light-dependent signal transduction by BLUF proteins seem to exist: one involving a light-dependent interaction (e.g. the PixD-PixE complex) and the other involving a conformational modulation of a complex (e.g. the PapB-PapA complex) (Kanazawa et al. 2010) . In the second case, complex formation is necessary, but not sufficient, for signal transduction of the information initially encoded in blue light that is transmitted by a BLUF protein.
The crystal and solution structures of several BLUF proteins have been determined (Anderson et al. 2005 , Jung et al. 2005 , Kita et al. 2005 , Grinstead et al. 2006 , Jung et al. 2006 , Yuan et al. 2006 , Barends et al. 2009 , Wu and Gardner 2009 . Although the overall structures of the core BLUF regions (the two N-terminal a-helices and the five-stranded b-sheet) are not very different for the proteins, two distinct conformations have been found for their C-terminal regions. For one type, as in PixD, the central axes of the two C-terminal a-helices are perpendicular to the BLUF b-sheet (Yuan et al. 2006) . For the other type, found in BlrP1 and predicted for PapB, the central axes of the two C-terminal a-helices are parallel to the BLUF b-sheet (Barends et al. 2009 , Kanazawa et al. 2010 . We previously hypothesized that the orientation of the C-terminal region may reflect distinct mechanisms for blue light phototransduction: one that occurs via light-dependent protein-protein dissociation, as observed for PixD and PixE, and the other that occurs via conformational modulation of the complex that does not require light-dependent dissociation, as observed for PapB and PapA (Kanazawa et al. 2010) . However, these mechanisms remain to be demonstrated.
For the study reported herein, we constructed and characterized a chimeric BLUF protein, Pix0522, that contains the N-terminal BLUF region of PixD and the C-terminal region of PapB. Biochemical characterization of the chimeric protein uncovered a crucial role for the C-terminal region that involves a specific interaction with its partner protein.
Results
Fig . 1A shows the amino acid sequence alignment and deduced secondary structures for PixD and PapB. The sequences show that PixD and PapB contain the canonical BLUF core (two a-helices, a1 and a2, and the five-stranded b-sheet, b1-b5). Both PixD and PapB contain an additional two a-helices (a3 and a4) in their C-terminal regions. As mentioned above, these C-terminal a-helices have different orientations, as their central axes are oriented perpendicular and parallel to the b-sheet, in PixD and PapB, respectively (Fig. 1B) .
To assign the roles of the C-terminal a-helices directly, we constructed the chimeric protein Pix0522 that contains the PixD N-terminal BLUF core (residues 1-97) and the PapB C-terminal region (residues 104-147, indicated in Fig. 1A in  red) . Fig. 2A shows the absorption spectra of dark-adapted PixD, PapB and Pix0522. The spectrum of dark-adapted PapB (blue) is red shifted by $10 nm compared with that of PixD (black). The spectrum of Pix0522 (red) is almost identical to that of PixD, indicating that their flavin-binding pocket microenvironments are nearly the same. Fig. 2B shows the light minus dark difference spectra for PixD, PapB and Pix0522. The light-induced spectral changes for PixD and PapB are the same as those reported previously , Kanazawa et al. 2010 . The difference spectrum for PapB (blue) is red shifted by $10 nm compared with that of PixD (black), as is also seen in their absorption spectra ( Fig. 2A) . The difference spectrum of Pix0522 (red) is similar to that for PixD (black), indicating that illumination induces identical change(s) in the PixD and Pix0522 flavin-binding sites.
Fig . 3A shows the elution profiles of purified PixD (black), PapB (blue) and Pix0522 (red) through Sephacryl S-300, a size-exclusion resin. The three proteins eluted at different times. With the use of a calibration curve, the apparent molecular masses of PixD and PapB were found to be $40 and $15 kDa, respectively (Fig. 3B) . Given that the calculated molecular masses of PixD and PapB, deduced from their amino acid sequences, are 17 and 16 kDa, respectively, the chromatographic data agree with previous observations that PixD and PapB exist as a dimer and a monomer, respectively Bauer 2008, Kanazawa et al. 2010) . Although the calculated molecular mass of Pix0522 (15 kDa) is not very different from those of PixD and PapB, the elution profile of Pix0522 (red) is different. According to the calibration curve (Fig. 3B) , the apparent molecular mass of Pix0522 is $25 kDa. The Pix0522 elution peak is rather broad compared with those for PixD and PapB. The broadening of a protein peak is typically found when different states are in fast equilibrium (Winzor and Scheraga 1963) . Thus, we speculated that Pix0522 reversibly transitions between a dimer and a monomer.
To obtain structural information about Pix0522, we performed homology modeling. We previously modeled the PapB structure using the crystal structure of the BlrP1 BLUF domain as the template (Kanazawa et al. 2010) . At first, the BlrP1 structure also served as the template for homology modeling of Pix0522. The modeled Pix0522 structure has a fold typical of a BLUF domain, composed of an a + b sandwich with the flavin flanked by the two N-terminal a-helices (Fig. 4A) . The central axes of the two C-terminal a-helices are parallel to the b-sheet, which is a structural feature found for the BlrP1 BLUF domain (Barends et al. 2009 ) and predicted for the PapB BLUF domain (Kanazawa et al. 2010 ). A docking simulation was then performed using the Pix0522 monomeric structure and the modeled PapA dimer (Kanazawa et al. 2010 ). Fig. 4B shows the best structure for the docked Pix0522-PapA dimeric complex. The Pix0522 C-terminal a-helices interact perpendicular to the interface of the two PapA molecules. The Pix0522-PapA model was compared with the PapBPapA model (Kanazawa et al. 2010) . The Ca carbons of the two complexes superimpose well with the root-mean-square deviation value of 2.49 Å between Pix0522 and PapB ( Fig. 4D ). We previously showed that the PapB Arg130 guanidinium is within hydrogen-bonding distance of the backbone carboxyl oxygen of PapA Leu510, and this interaction stabilizes the PapA-PapB complex (Kanazawa et al. 2010) . The PapB Arg130 corresponds to Pix0522 Arg125. In the modeled Pix0522-PapA complex, the Pix0522 Arg125 guanidinium and the PapA Leu510 backbone carboxyl oxygen are within hydrogen-bonding distance (Fig. 4C) .
We also modeled the Pix0522 structure using the crystal structure of PixD as the template. The obtained model (designated as Pix0522*) is shown in Supplementary Fig. S1A . The central axes of the two C-terminal a-helices in the Pix0522* model are perpendicular to the b-sheet, which is a structural feature found for PixD. A docking simulation was also performed using the Pix0522* monomeric structure and the modeled PapA dimer (Kanazawa et al. 2010) . The best positioning of the docked Pix0522*-PapA dimeric complex is shown in Supplementary Fig. S1B . The Pix0522*-PapA complex is not superimposed on the PapB-PapA complex. The quality of the Pix0522*-PapA docking model was evaluated according to the ZDOCK value (Wiehe et al. 2007) ; it was calculated to be 1058.711. This value is significantly lower than that of the original Pix0522-PapA model (Fig. 4B ) that was calculated to be 1129.601. This result indicates that the Pix0522 model (Fig. 4B) is preferable for PapA binding than Pix0522* ( Supplementary  Fig. S2A ).
To determine if Pix0522 interacts with PapA, we performed an affinity column assay with purified PapA as the bait. A solution of Pix0522 was passed through Ni resin containing bound His-tagged PapA. After being washed, the bound proteins were eluted with imidazole. The experiment was performed in dark and light-illuminated ($900 mmol m À2 s
À1
) conditions. As a control, the same experiment was performed with His-tagged PapA and untagged PapB. Notably, we used the same amount of Pix0522 and PapB for the pull-down experiments as shown by the intensities of the Coomassie Blue-stained bands in the SDS-polyacrylamide gel (Fig. 5A, Input) . As reported previously (Kanazawa et al. 2010) , the same amount of PapB was detected in the eluted output in the dark and light-illuminated conditions (Fig. 5B) , indicating that PapB interacts with PapA in a light-independent manner. When the same experiment was performed with His-tagged PapA and untagged Pix0522, a large amount of Pix0522 was found in the eluted samples under dark and light-illuminated conditions (Fig. 5B) , indicating that Pix0522 also interacts with PapA in a light-independent manner.
To characterize the complex formation further, we undertook a study using the chemical cross-linking reagent EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride), which activates carboxyls that couple with primary amides to generate intramolecular and/or intermolecular covalent bonds. First, we examined the behavior of PapA, PapB and Pix0522 after treatment with EDC. As shown in Fig. 6A , a certain amount of dimeric PapA with a molecular mass of $120 kDa was observed only after EDC treatment (lanes 1 and 6). Given that PapA exists as a dimer in solution (Kanazawa et al. 2010) , the cross-link could be formed within the dimer. PapB was resistant to EDC; no additional band was observed after EDC treatment (lanes 2 and 7). This result is consistent with our previous report showing that PapB is a monomer in solution (Kanazawa et al. 2010 ). On the other hand, a certain amount of an $30 kDa band of Pix0522 was observed only after EDC treatment (lanes 3 and 8) . Given that the molecular mass of Pix0522 is 15 kDa, the band was assigned to be dimeric Pix0522. This result supports the above hypothesis given by the size-exclusion chromatography (Fig. 3) that Pix0522 is in equilibrium between dimeric and monomeric conformations. When PapA-PapB and PapA-Pix0522 mixtures were incubated with EDC, a band having an apparent molecular mass of $75 kDa appeared (Fig. 6A, B , lanes 9 and 10), which was not observed when PapA itself was incubated with EDC (lane 6). Given that the molecular masses of PapA, PapB and Pix0522 are 60, 16 and 15 kDa, respectively, the $75 kDa band was assigned to be one PapA molecule linked with one molecule of PapB or Pix0522. These results suggested that PapA forms a complex with PapB or Pix0522 with 1 : 1 stoichiometry, although PapA 2 -PapB 2 and PapA 2 -Pix0522 2 could not be observed in the experiment. It is of note that the amount of cross-linked PapA-Pix0522 (Fig. 6B, lane 10) was larger than that for PapA-PapB (lane 9). The cross-linking experiment was also carried out with purified PixD. As shown in Fig. 6C , a certain amount of dimeric PixD with a molecular mass of $35 kDa was observed only after EDC treatment (+). Given that PixD mostly exists as a dimer in solution (Yuan and Bauer 2008) , the cross-link may be formed within the dimer.
We next determined if Pix0522 influences the c-di-GMP phosphodiesterase activity of PapA. In this study, we measured PapA activity at 30 C, because the activity at this temperature is higher ($5-fold) than that at 20 C (Kanazawa et al. 2010 ). We first repeated our experiments on the effect of PapB on PapA activity (Kanazawa et al. 2010 ) and found that, in the presence of PapB and light, PapA activity was increased $2-fold ( Table 1) . When the same amount of Pix0522 was used, PapA activity increased under both dark and lightilluminated conditions (Table 1) . Thus, Pix0522 functions as a light-independent enhancer of PapA phosphodiesterase activity.
We next characterized the structural changes in Pix0522 induced by light using Fourier transform infrared (FTIR) spectroscopy. We previously applied FTIR spectroscopy to characterize the light-induced structural changes of several BLUF proteins, including PixD , Hasegawa et al. 2005 , Masuda et al. 2005a , Masuda et al. 2005b , Hasegawa et al. 2006 , Masuda et al. 2008 ). These studies identified several distinct structural changes in the chromophore and protein upon light excitation. In this study, we measured and compared the FTIR spectra of PixD, PapB and Pix0522 to gain information about light-induced structural changes in Pix0522. Fig. 7 shows the light minus dark FTIR difference spectra (1,700-1,100 cm À1 ) for PixD (black), Pix0522 (red) and PapB (blue). The negative and positive bands are those of the dark and light-excited states, respectively. According to our previous isotopic labeling studies , the prominent bands at 1,713(-)/1,693(+) cm
, observed in the PixD spectrum, can be assigned to the C4=O stretching vibration of the isoalloxazine ring in the flavin. Given that hydrogen bonding is known to shift a C=O stretching band to lower frequencies, the observed change in the position of the band indicates that C4=O forms a hydrogen bond of moderate strength in the dark state and a strong hydrogen bond in the light state. The same C4=O stretching bands are found in the Pix0522 spectrum (red), indicating that the light-induced change in the hydrogen-bonding network involving C4=O is the same as that for PixD. Conversely, the C4=O stretching band for PapB was observed at 1,709(-)/1,699(+) cm À1 (blue), which is a spectral shift of -4 cm À1 for the dark state and 6 cm À1 for the light Fig. 7 Light minus dark FTIR difference spectra for PixD (black), PapB (blue) and Pix0522 (red). , Masuda et al. 2005a , Hasegawa et al. 2006 . Specifically, the bands between 1,420 and 1,410 cm À1 and between 1,320 and 1,270 cm
in the PixD spectrum have been assigned to CH 3 asymmetry bending and N3C4 stretching modes of the isoalloxazine ring, respectively . These bands are present in the Pix0522 spectrum but not in the PapB spectrum, suggesting that light induces similar structural changes in the PixD and Pix0522 chromophores. FTIR bands between 1,700 and 1,600 cm À1 have been assigned mostly to the amide I modes of the proteins , Masuda et al. 2005a , Masuda et al. 2005b , Hasegawa et al. 2006 . Bands in this region of the Pix0522 spectrum corresponded to PapB bands, rather than to PixD bands, suggesting that light induced similar conformational changes in the protein portions of Pix0522 and PapB.
Discussion
Chimeric Pix0522, consisting of the PixD BLUF core and the PapB C-terminal region, could bind the PapB-interacting protein PapA (Fig. 5) and activate its phosphodiesterase activity ( Table 1 ), indicating that the PapB BLUF core region is not necessary for interaction with PapA, but instead acts as a light-sensitive modulator that induces a conformational change in the C-terminal a-helices thereby controlling PapA activity, i.e. the PapB C-terminal region functions as a transducer that accepts the information encoded in the light signal from the flavin and transmits it to PapA. This further suggests that the alternative conformation of the BLUF domain C-terminus between PixD and PapB (Fig. 1B) reflects their functional differences as reported by Kanazawa et al. (2010) .
Pix0522 has greater affinity for PapA than does PapB, as demonstrated by the larger amount of Pix0522 that was pulled down from the His-tagged PapA-bound resin in dark and light-illuminated conditions (Fig. 5) . The cross-linking experiment also detected a larger amount of Pix0522-PapA complex than of PapB-PapA (Fig. 6A, B, lanes 9 and 10) , suggesting that the binding of Pix0522 and PapA differs from that for PapB and PapA, even though the docking simulations suggest that Pix0522 and PapB bind PapA in a similar manner (Fig. 4D) . Alternatively, Pix0522, in its dimeric state (Figs. 3,  6 ), may bind PapA. If this is also the case, the interface between Pix0522 monomers may be in its N-terminal BLUF core region, but not its C-terminus, because the C-terminus may be the interaction site for PapA (Fig. 4) . Furthermore, PixD, but not PapB, exists as a dimer in solution (Yuan and Bauer 2008) , and PixD dimer could be detected by the cross-linking experiment (Fig. 6) , although the exact interaction surface between PixD monomers has not yet been uncovered. The dimer formation by Pix0522 with EDC treatment (Fig. 6A ) is more prominent than that shown for PixD (Fig. 6C) , indicating that the reactive site is more accessible to EDC in Pix0522 than in PixD. Perhaps the alternative conformation of the C-terminal a-helices may determine the EDC accessibility. Given that Pix0522 enhances PapA activity under both dark and light conditions (Table 1) , the Pix0522 BLUF core fixes the C-terminal a-helices in the light signaling conformation.
PixD associates with PixE only in the dark , Yuan and Bauer 2008 , Masuda et al. 2008 . The side chains of the conserved Tyr8, Gln50 and Met93 in PixD make a hydrogen bond network with the flavin C4=O. Met93 is critical for the transmission of the light signal to PixE because the M93A mutant cannot respond to dark conditions and is locked in the light signaling state (Masuda et al. 2008) . Therefore, the flavinsensed light signal is probably translated by a conformational change in the protein involving Met93, which induces an uncharacterized conformational change at the PixE-interacting site of PixD. The dark to light difference spectra (Fig. 2) for Pix0522 and PixD are identical (Fig. 2) . Furthermore, the light-induced structural changes for the flavin isoalloxazine ring in PixD and Pix0522, detected by FTIR spectroscopy, are similar (Fig. 7) , indicating that, upon light excitation, PixD and Pix0522 induce a similar conformational change near the flavin-binding pocket, which involves Met93. In contrast, signals in the amide I regions of the Pix0522 and PapB FTIR spectra are similar (Fig. 7) and are not observed in the PixD spectrum, suggesting that they can be ascribed to conformational changes in the Pix0522 and PapB C-terminal a-helices. Thus, the light signal, translated as a protein conformational alteration involving Met93 in Pix0522, somehow induces an intramolecular conformational change in its C-terminal region. However, such a conformational change does not trigger the dissociation of the Pix0522-PapA complex, which has been observed for the PixD-PixE complex (Masuda et al. 2008) , and cannot control PapA activity as was observed for the PapA-PapB complex (Kanazawa et al. 2010) . Differences observed in the amide I regions in the PapB and Pix0522 spectra may reflect the presence or absence of key conformational changes for activation of PapA activity.
In conclusion, we demonstrated that the functions of the C-terminal a-helices in the BLUF proteins PixD and PapB could be partially exchanged by replacing the PixD C-terminal a-helices with those of PapB, which suggests that the role of the BLUF C-terminal a-helices is that of a transducer that accepts the flavin-sensed blue light signal and transmits it to a downstream component. Further characterization of Pix0522 should increase our understanding of the molecular mechanisms used by BLUF proteins for light signal transduction. Such studies may also be used to establish methods that can artificially control cell physiology via light illumination.
Materials and Methods

Construction of Pix0522
The nucleotide sequence encoding PixD residues 1-97 was PCR amplified using pTYSlr1694 plasmid DNA as the template and the primers PixD-F-Fsion, 5
0 -AGAATGCTG GTCATATGAGTTTGTACCGTTTG-3 0 ; and PixD-R-PapB, 5 0 -GC GAACGCGTGATCGCTTGCATAGAC-3 0 . The nucleotide sequence encoding PapB residues 104-147 was PCR amplified using pTYPapB plasmid DNA (Kanazawa et al. 2010) as the template and the primers PapB-F-PixD, 5
0 -CGATCACGCGTT CGCGCGAGGACGAG-3 0 ; and PixD-R-Fsion, 5 0 -CGGGCTCGA GGAATTCTTAGAGGTCGAGGAAAAAG-3 0 . The amplified DNA fragments were mixed and cloned into a pTYB12 vector cut at the EcoRI/NdeI sites (New England Biolabs) using In-Fusion Cloning kit reagents (Clontech). The resulting plasmid was denoted pTYPix0522.
Expression and purification of Pix0522
pTYPix0522 was transformed into Escherichia coli BL21(DE3) cells (Merck), and Pix0522 was expressed after induction with isopropyl 1-thio-D-galactopyranoside (final concentration, 1 mM) at 16 C for 16 h. The harvested cells were suspended in 20 mM Tris-HCl (pH 8.0), 0.5 M NaCl and then sonicated. After centrifugation at 28,000Âg for 30 min at 4 C, Pix0522 in the soluble fraction was subjected to affinity purification using chitin beads (New England Biolabs) according to the manufacturer's instructions. Purification procedures for PixD, PapB and His-tagged PapA have been described , Kanazawa et al. 2010 . Purified His-tagged PapA was dialyzed against 10 mM Tris-HCl (pH 8.0), 200 mM NaCl. Purified PixD, PapB and Pix0522 were each dialyzed against 10 mM Tris-HCl (pH 8.0), 5 mM NaCl.
Physical and biochemical assays
Purified PixD, PapB and Pix0522 were individually chromatographed in the dark through Sephacryl S-300 (GE Healthcare) that had been equilibrated with 20 mM Tris-HCl (pH 8.0), 100 mM NaCl. The apparent molecular mass for each protein was estimated using a calibration curve constructed using the elution times and molecular masses of thyroglobulin (655 kDa), aldolase (146 kDa), ovalbumin (43 kDa) and RNase (13.7 kDa). The PapA phosphodiesterase activity assay was as described previously (Kanazawa et al. 2010 ) with a slight modification. Specifically, reaction mixtures were incubated at 30 C in a thermostatic bath, although we previously incubated them at room temperature ($20 C). The affinity column assay has been described (Kanazawa et al. 2010) . Briefly, purified His-tagged PapA was first incubated with Ni-NTA His-Bind resin (Merck) in 10 mM Tris-HCl (pH 7.5), 100 mM NaCl. Then, the PapA-bound resin was poured into a column, and a solution of purified PapB or Pix0522 (50 mM each) was cycled through the column five times in the absence or presence of light (900 mmol m À2 s À1 ). After the resin had been washed with 10 mM Tris-HCl (pH 7.5) containing 100 mM NaCl, the eluted proteins were subjected to SDS-PAGE and visualized by Coomassie Blue staining. For the chemical cross-linking experiment, 25 mM PapB, Pix0522 or PixD in the presence or absence of 15 mM PapA was mixed with 5 mM EDC in 25 mM MOPS/KOH (pH 7.2). The reaction mixture was incubated for 2 h at room temperature, and subjected to 5-20% gradient SDS-PAGE. The proteins were visualized by Coomassie Blue staining.
Spectroscopy
For FTIR measurements, samples of PixD, PapB and Pix0522 ($10 ml) were individually added onto a CaF 2 disk and gently dried under N 2 gas for several minutes. For each sample, two 1 ml drops of 40% glycerol/H 2 O (v/v) were placed at the edge of the disk. Each sample was sandwiched between the pair of disks, which were separated by a 2 mm spacer. Each disk system was incubated for 3 h in the dark. FTIR spectra were recorded using a Shimadzu IRPrestige-21 spectrophotometer with an MCT detector (Shimadzu). A visible range cut-off filter (<2,000 nm; Optical Coatings Japan) was placed on both sides of a sample to improve the signal to noise ratio. A light minus dark spectrum was obtained by subtracting the dark spectrum, which was acquired first, from the light spectrum. UV-visible absorption spectra were recorded on a Hitachi U-0080D spectrophotometer (Hitachi High-Technologies Corporation).
Model building
Prior to model building, residues 4-147 in PapB were aligned with those of the BlrP1 BLUF domain by ClustalW2 (Larkin et al. 2007 ) (Supplementary Fig. S2A ). A structural model for Pix0522 containing FMN was then constructed using the coordinates of the Klebsiella pneumoniae BlrP1 BLUF domain (residues 1-142, 2.05 Å resolution; PDB code: 3GFZ) as the template and Homology Modeling for HyperChem (Tsuji 2010) . Similarly, a structural model of Pix0522 using the Synechocystis PixD BLUF domain (residues 5-143, 1.8 Å resolution, PDB code: 2HFN) as a template was also constructed. The amino acid sequence alignment used for the modeling is shown in Supplementary Fig. S2B . The atomic coordinates of the FMN in the BLUF domain of BlrP1 were included during the modeling procedure. The homology model for the PapA homodimer has been described (Kanazawa et al. 2010) . The docking simulation for Pix0522 and the PapA homodimer was performed by ZDOCK in two steps (Wiehe et al. 2007 ). After identifying the best Pix0522-(PapA) 2 structure, a second Pix0522 was docked into that structure using the dimeric symmetry of (PapA) 2 as a guide. All models were refined using the OPLS force field, and the validities of the models were assessed using RAMPAGE (Lovell et al. 2003) to confirm that the proper amino acid conformations existed. A predicted structure for the PapA-PapB complex has been reported (Kanazawa et al. 2010) .
